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ABSTRACT

Bronchial asthma is characterized by persistent cough, increased sputum, and repeated wheezing. The
pathophysiology underlying these symptoms is the hyper-responsiveness of the airway along with
chronic airway inflammation. Repeated injury, repair, and regeneration of the airway epithelium
following exposure to environmental factors and inflammation results in histological changes and
functional abnormalities in the airway mucosal epithelium; such changes are believed to have a sig-
nificant association with the pathophysiology of asthma. Damage to the barrier functions of the airway
epithelium enhances mucosal permeability of foreign substances in the airway epithelium of patients
with asthma. Thus, epithelial barrier fragility is closely involved in releasing epithelial cytokines (e.g.,
TSLP, IL-25, and IL-33) because of the activation of airway epithelial cells, dendritic cells, and innate
group 2 innate lymphoid cells (ILC2). Functional abnormalities of the airway epithelial cells along with
the activation of dendritic cells, Th2 cells, and ILC2 form a single immunopathological unit that is
considered to cause allergic airway inflammation. Here we use the latest published literature to discuss
the potential pathological mechanisms regarding the onset and progressive severity of asthma with
regard to the disruption of the airway epithelial function.
Copyright © 2017, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

exhibit the characteristics of mucociliary cells and physically
remove pathogens via a process known as the mucociliary esca-

The airway epithelium is located at the interface between the
internal and external environment and has long been an area of
interest as it possibly plays an important role in the onset mecha-
nism of asthma. Airway epithelial cells play an important role in
innate immune functions in the lungs. Airway epithelial cells also
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lator, which involves the trapping of pathogens in the mucus pro-
duced in airways under inflammatory conditions and removing the
mucus via the movement of cilia present on epithelial cells.
Moreover, the production of chemokines and cytokines mobilizes
inflammatory cells, and their activation aids in removing
microbes.' ™ However, excessive induction of this protective
mechanism that is used to prevent infection may trigger the onset
of chronic airway inflammation associated with asthma. It has
recently become clear that epithelium-derived cytokines that
promote the Th2 immune response and that are released because of
injured and activated airway epithelial cells play a role in allergic
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inflammation, and the importance of the activation of airway
epithelial cells in the pathophysiology of asthma has also been
emphasized.*

Airway epithelial cells, which form a physical barrier against
the external environment, comprise the apical junctional complex
(AJC), formed in the junction between adjacent cells. AJC com-
prises tight junctions and adherens junctions, which form cellular
junctions between similar and dissimilar cells.”~’ The tight junc-
tion is an intercellular junction between the apexes of cells,
whereas the adherens junction functions as a barrier that regu-
lates the passage of water-soluble substances and ions by creating
a tight bond between the cell membranes of adjacent cells. In
addition to their role as an intercellular binding mechanism,
epithelial tight junctions and adherens junctions play an impor-
tant role in establishing cell polarity.*~® AJC dysfunction of the
airway epithelia has been recently identified in patients with
asthma, suggesting that AJC is important in the pathophysiology
of asthma. This type of damage to the epithelial barrier allows
inhaled allergens to infiltrate the submucosa of the airway and
prevents the complete repair of epithelial cells and excessively
activates the epithelial cell signal transduction cascade, which is
considered to activate immune cells present in the submucosa.”®
Therefore, disrupting the regulatory function of the airway
epithelial barrier has recently been used as an important check-
point for immunostimulation associated with asthma. Here we
discuss the mechanism by which airway barrier function is dis-
rupted in association with allergic airway inflammation and pro-
vide an overview of the disruption of the epithelial barrier and the
resulting exacerbation of airway inflammation.

Disruption of the epithelial barrier owing to airway
inflammation

Various environmental factors reportedly affect the tight junc-
tion barrier. Wan et al.”~"! reported that Der p1, a mite allergen
closely associated with the onset of allergic inflammation, disrupts
the tight junction directly through protease activation and indi-
rectly through protease-activated receptor-2 (PAR2). These effects
accelerate epithelial permeability, making it easy for allergens to
infiltrate the airway submucosa. It was subsequently discovered
that in addition to Der p1, protease activation caused by other mite
and pollen allergens also disrupt the epithelial barrier.!" Tryptase
released from degranulated mast cells in response to allergen
stimulation disrupts epithelial tight junctions by activating PAR2,
which accelerates epithelial permeability.'>'?~# Moreover, multi-
ple studies have found that cigarette smoke accelerates epithelial
permeability by inducing reactive oxygen species.”>~'® Among the
factors associated with the onset and exacerbation of bronchial
asthma, the presence of the respiratory syncytial virus or rhinovirus
in the airway and infection of the airway epithelial cells by these
viruses is known to disrupt tight junctions and promote airway
epithelium permeability.'9~24

Cytokines reportedly alter tight junction functions. The proin-
flammatory cytokines, TNF-a. and IFN-y, disrupt the airway
epithelial barrier,””> 27 and the same results were obtained for the
Th2 cytokines, IL-4 and IL-13.2?° A study of the tight junction
proteins in airway epithelial cells obtained via brushings from 67
patients with asthma and 42 healthy individuals reported that
claudin-18 expressions were decreased in patients with asthma.>’
Claudin proteins determine the permeability of tight junctions.
There are several dozen proteins in the claudin family, and their
expression patterns differ according to the type of epithelial cell.*>
Claudin-18 is highly expressed in the airway epithelium; however,
stimulation in response to IL-13 decreases claudin-18 expressions

in the airway epithelium.? In addition, claudin-18-deficient mice
with asthma exhibit an increased susceptibility to airway hyper-
sensitivity, suggesting an association with the pathophysiology of
asthma.>®

A substantial number of factors, the so-called asthma-aggra-
vating factors, can disrupt the barrier functions of the airway
epithelium. Therefore, the involvement of airway inflammation in
disrupting the epithelial barrier function and asthma is a topic of
great interest (Fig. 1).

Disruption of the latent airway epithelial barrier in patients
with asthma

Decreased epithelial barrier function associated with asthma
is considered to occur because of the direct action of inflamma-
tory substances and allergens on the epithelial barrier, as
described in detail above. However, there have been several
recent studies that have reported the possibility of latent barrier
function abnormalities in airway epithelial cells of patients with
asthma. Xiao et al.>! cultivated airway epithelial cells obtained
from patients with asthma and healthy individuals using the air-
liquid interface (ALI) method and observed changes in the
epithelial barrier function of differentiated airway epithelial cells.
These findings indicated that the disruption of the epithelial
barrier function decreased with asthma severity. Furthermore,
cultivation of airway epithelial cells using the ALl method under
the same cultivation conditions induces the differentiation of
airway epithelial precursor cells into airway epithelial cells with
cilia after 28 days of cultivation. Thus, Xiao et al.>' suggested that
the fragility of the epithelial barrier of patients with asthma was
not because of inflammation only but could also involve patho-
logical features already present in the airway epithelia of patients
with asthma. This reduced barrier function can be improved to
the same level as healthy individuals by addition of epithelial
growth factor (EGF) into the medium, suggesting the potential
involvement of EGFR signaling.

Basal cells are airway epithelium precursor cells. The basal cell
layer is located below the ciliated columnar epithelium and is
positive for cytokeratin 5, cytokeratin 14, and p63. Moreover,
basal cells exhibit high EGFR expression levels, which decrease
when basal cells differentiate into ciliated epithelium and goblet
cells. A study of airway mucosa biopsies obtained from pediatric
patients with asthma confirmed that cytokeratin 5-, cytokeratin
14-, and p63-positive basal cell-like epithelial cells proliferated in
the airway epithelium.>> Previous studies have reported that
EGFR expression levels increased in the airway epithelia of pa-
tients with asthma, suggesting abnormal epithelium differ-
entiation.>>° EGF acts on airway epithelial cells, promotes
epithelial barrier functions, and suppresses the disruption of the
epithelial barrier caused by cigarette smoke exposure.>!*6
Disruption of the epithelial barrier function caused by HDM
allergen, TGF-, and cigarette smoke exposure can be suppressed
using an EGFR inhibitor, suggesting that excessive activation of
EGFR is a factor that contributes to a reduced epithelial barrier
function.’” Proteins in the Erb family [e.g., EGFR (erb1), Erb2, and
Erb3] form homo- and heteroreceptors. Moreover, a knockdown
of Erb3 receptors in airway epithelial cells suppresses the rein-
forcing effect of heregulin on the epithelial barrier.*® Because
Erb3 receptors are a death-kinase variant, they are believed to be
associated with the formation of the epithelial barrier via the
formation of heteroreceptors with other Erb receptors.>®>° These
differences in Erb receptor signaling could be related to the
different formative and disruptive effects of EGFR on the
epithelial barrier (Fig. 1).
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Fig. 1. Destructive and protective factors associated with the airway epithelial barrier.

Association between the activation of the airway epithelium
and barrier disruption

The pathophysiology of airway inflammation associated with
asthma has been previously explained by eosinophilic inflamma-
tion induced by the excessive release of Th2 cytokines by Th2 cells
and dendritic cell activation by allergens. A new Th2 cytokine-
producing cell, termed group 2 innate lymphoid cells (ILC2), has
recently been attracting attention.*~*? ILC2s produce large quan-
tities of IL-5 and IL-13 in response to thymic stromal lymphopoietin
(TSLP), IL-25, and IL33, causing pathophysiological changes such as
eosinophilic infiltration in the airway and the formation of goblet
cells in the airway epithelium.”*> ILC2s also induce IgE production
and are considered to induce the Th2 response by activating local
dendritic cells.* The fact that ILC2s are in close proximity with the
airway epithelium suggests that they play an important role in
initiating immediate allergic responses to allergens from the
external environment that come into contact with the surface of
the airway epithelium.

Currently, much remains unknown regarding the mechanisms
by which TSLP, IL-25, and IL-33 are produced by airway epithelial
cells. These cytokines are considered to be present in normal nuclei
and are released outside the cell when the cell undergoes necro-
sis.*> Apoptotic cells are cut off by caspase-3 and caspase-7 and
thus are unable to bind to suppression of tumorigenicity 2 (ST2)
receptors. Therefore, these cells lose their ability to induce
inflammation. A histological study of IL-33 expression in the airway

epithelium of patients with asthma revealed that the primary cell
type that expresses IL-33 was airway epithelial cells.*® However,
the state in which these airway epithelial cells are in when necrosis
occurs remains unknown. If we assume that IL-33 is an important
factor associated with triggering allergic inflammation, then there
exists a mechanism by which the active types of IL-33 other than
those involved in necrosis are secreted by airway epithelial cells. A
recent study reported that an alternative IL-33-spliced variant
functions to stimulate ST2 and may even be secreted by cells not
undergoing necrosis.*’ There is great interest in how this process is
controlled.

Viral infections of the airway reportedly activate epithelial cells,
resulting in TSLP and IL-25 production.*®*° Virus-derived dsRNA
induces TSLP production by airway epithelial cells via TLR3.%%!
Viral infections, as mentioned above, disrupt the tight junctions
of airway epithelial cells, thereby disrupting the epithelial barrier
functions. The TIR-domain-containing adapter-inducing inter-
feron-p (TRIF) pathway via TLR3 activation is important to this
process.”%>! The myeloid differentiation primary response gene 88
(MyD88) pathway may have a protective effect against barrier
disruption caused by dsRNA.’! Even in the presence of TLR3 stim-
ulation, TLR9 stimulation in response to unmethylated CpG pro-
motes the formation of the airway epithelial barrier, and this effect
is mediated by MyD88 activation®>>> (Fig. 1, 2).

HDM can potentially cause a similar disruption of the airway
epithelial barrier and activation of the epithelium. Long-form-TSLP
is reportedly induced following stimulation with HDM. TSLP has
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Fig. 2. The role of TLR-3 and -9 in disrupting the barrier functions and activating airway epithelial cells. When dsRNA stimulates TLR3 expressed in airway epithelial cells, the signal
disrupts the epithelial barrier via TRIF, and MyD88 signaling conversely acts to protect the barrier. TSLP and IL-25 production via the mediation of TLR3 activates dendritic cells in
the submucosa and ILC2s. Thus, IL-13 production, induced by Th2 cells and ILC2s, suppresses epithelial barrier functions.

two isoforms: long-form-TSLP comprising 159 amino acids and a
short-form-TSLP comprising 63 amino acids, which includes the C
terminus. As mentioned above, the HDM allergen breaks down the
tight junction proteins via the action of cysteine protease, thereby
disrupting the airway epithelial barrier. Moreover, long-form-TSLP
induced by HDM exposure acts on the airway epithelial cells to
further disrupt epithelial cell barrier functions via signal transducer
and activator of transcription 5 (STAT5) activation.>*

The activation of ILC2s disrupts the epithelial barrier. Models of
the eosinophilic airway inflammation in which IL-33 is adminis-
tered in the airways of ILC2 knockout mice did not lead to a reduced
expression of tight junction proteins because of IL-33 administra-
tion or leakage of a-2-macroglobulin and transferrin in the sputum
of ILC2 knockout mice.>> When the normal human airway epithelial
cells and ILC2s are cultivated together, the airway epithelial barrier
is disrupted. The fact that the disruption of the airway epithelial
barrier caused by ILC2 is suppressed when anti-IL-13 antibodies are
present suggests that IL-13 produced by ILC2s in response to IL-33
stimulation is involved>” (Fig. 2).

Association between asthma-related genes and epithelial
barrier functions

A genome-wide association study identified various genes
associated with the suppression of inflammation, including Th2-
type immune response characterized by IL-33, ST2, TSLP,
ORMDL3, and ADAM33, as disease susceptibility genes.”® Among
asthma-related disease susceptibility genes already identified,

there were some genes accounted with epithelial barrier functions,
although the number of these genes was small.

Multiple studies have demonstrated that the Kinesin Family
Member 3A (KIF3A) gene locus is associated with both asthma and
atopic dermatitis.”” The Kinesin superfamily protein KIF functions
as a molecular motor that transports molecules along microtu-
bules.”® KIF3A has an important endothelial cell ciliary function in
addition to its role as a molecular motor.>® Mice that are genetically
deficient in KIF3A experience embryonic death; however, a KIF3A
deficiency specific to the airway epithelium in mice increases Th2-
type inflammation of the airway caused by exposure to allergens
(e.g., Aspergillus and HDM) and promotes airway hypersensitivity.
This is another factor that leads to epithelial barrier dysfunction in
addition to disrupted epithelial ciliary motility disorder caused by
KIF3A deficiency.”’

The cadherin-related family member 3 (CDHR3) gene has been
identified to be associated with the severe exacerbation of pediatric
asthma.®®%! CDHR3 is an RV-C receptor related to the exacerbation
of asthma severity. CDHR3 is considered to play a role in the sta-
bilization of allogeneic cell junctions.®?

In 2009, Koppelman et al.®® reported that protocadherin 1
(PCDH1) is a receptor gene for airway hypersensitivity and asthma.
PCDH1 is highly expressed in the airway epithelium and has two
isoforms: isoform-1 (150 kD) and isoform-2 (170 kD), which have
different proteins shared in the extracellular and membrane-
spanning domains. PCDH1 increases concurrently with the termi-
nal differentiation of the airway epithelium, suggesting a close
association with epithelial function.®®> The siRNA silencing of
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PCDH1 in airway epithelial cells increases epithelial permeability,
indicating that PCDH1 is important to the physical barrier of the
airway epithelium.®*

Glucocorticoids regulates epithelium barrier function

Inhaled corticosteroids are the most effective drugs currently
used for treating asthma. Glucocorticoids acts on allergic inflam-
mation by regulating the production of cytokines from immune
cells and promoting the formation of the airway epithelial
barrier.?>~%” The stabilizing effect exerted by glucocorticoids on the
epithelial barrier is considered to occur because of the stabilization
of EFGR receptors on epithelial cells.®’

Fluticasone and budesonide are synthetic glucocorticoids
widely used clinically, and they exhibit a concentration-dependent
effect on prompting airway epithelial barrier functions.®* Heijink
et al.%® observed that although cigarette smoke exposure inhibited
the formation of the epithelial barrier via EGFR phosphorylation,
budesonide inhibited the disruption of the epithelial barrier
induced by cigarette smoke; this effect was not observed when
fluticasone was used.®® This difference in the effects that budeso-
nide and fluticasone exhibit is considered to be a result of the dif-
ferences on their respective effects on EGFR activation and glycogen
synthase kinase 3 (GSK-3pB), which is located downstream.®®
Steelant et al.%” reported that fluticasone suppressed the dysfunc-
tion of the airway epithelial cell barrier induced by HDM exposure
and effectively suppressed the acceleration of mucous membrane
permeability in animal models. Some genes that are upregulated in
the airway epithelium in response to glucocorticoids are related to
the effect of glucocorticoids on the stabilization of epithelial barrier
functions. PCDH1 is an epithelial barrier regulatory factor and ex-
hibits increased expression in the airway epithelium in response to
glucocorticoid stimulation.’® NF-E2 related factor 2 (Nrf2) is a
transcription factor that guides various antioxidant molecules and
protects cells from environmental stressors’®~7? and is upregulated
in the airway epithelial cells in response to glucocorticoids.”> Nrf2
was previously believed to play a protective role against oxidative
stress induced by exposure to cigarette smoke and other stimu-
lants; however, it may also be related to the stabilization of the
epithelial barrier by glucocorticoids.”?

The steroid-acute regulatory protein-related lipid transport
(START) domain contains approximately 210 amino acids that bind
to lipid molecules between the donor and acceptor membranes
that transport them. START domains are classified into four protein
subfamilies (e.g., ceramide and phosphatidylcholine) that transport
different lipids. Moreover, 15 mammalian proteins, including the
START domain, have been identified. START domain (Stard) 7 plays
arole in transporting phosphatidylcholine to the mitochondria, and
interestingly, a Stard7 haploinsufficiency promotes epithelial bar-
rier permeability and markedly exacerbates allergic airway
inflammation in mice.*® This effect is related to the fact that a
Stard7 deficiency increases oxidative stress and disrupts the
epithelial barrier, which is in turn related to mitochondrial DNA
damage.”

Conclusions

The development of molecular-targeted therapy will allow for
further control of eosinophilic airway inflammation. However,
asthma continues to worsen in patients with airways that have lost
eosinophils, with airway hypersensitivity persisting in many cases.
Inflammation is an important factor in the pathophysiology of
asthma, but it is difficult to explain tissue-specific factors of asthma
by inflammation alone. Asthma has long been considered as an
epithelial disease; therefore, to elucidate the role of epithelial

barrier functions on the pathophysiology of asthma, the unknown
mechanisms that enhance the sensitivity of the airway to envi-
ronmental factors should be assessed. Thus, novel therapeutic
strategies should be developed in the future.

Conflict of interest
The authors have no conflict of interest to declare.

References

1. Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate pulmonary
innate immunity. Nat Immunol 2015;16:27—35.

2. Kim KC. Role of epithelial mucins during airway infection. Pulm Pharmacol Ther
2012;25:415-9.

3. Parker D, Prince A. Innate immunity in the respiratory epithelium. Am J Respir
Cell Mol Biol 2011;45:189—-201.

4. Hammad H, Lambrecht BN. Barrier epithelial cells and the control of type 2
immunity. Immunity 2015;43:29—40.

5. Tamura A, Tsukita S. Paracellular barrier and channel functions of TJ claudins in
organizing biological systems: advances in the field of barriology revealed in
knockout mice. Semin Cell Dev Biol 2014;36:177—85.

6. Zihni C, Mills C, Matter K, Balda MS. Tight junctions: from simple barriers to
multifunctional molecular gates. Nat Rev Mol Cell Biol 2016;17:564—80.

7. Loxham M, Davies DE, Blume C. Epithelial function and dysfunction in asthma.
Clin Exp Allergy 2014;44:1299—313.

8. Georas SN, Rezaee F. Epithelial barrier function: at the front line of asthma
immunology and allergic airway inflammation. J Allergy Clin Immunol
2014;134:509—-20.

9. Wan H, Winton HL, Soeller C, Tovey ER, Gruenert DC, Thompson PJ, et al. Der p
1 facilitates transepithelial allergen delivery by disruption of tight junctions.
J Clin Invest 1999;104:123—33.

10. Takai T, Ikeda S. Barrier dysfunction caused by environmental proteases in the
pathogenesis of allergic diseases. Allergol Int 2011;60:25—35.

11. Wan H, Winton HL, Soeller C, Taylor GW, Gruenert DC, Thompson PJ, et al. The
transmembrane protein occludin of epithelial tight junctions is a functional
target for serine peptidases from faecal pellets of Dermatophagoides pter-
onyssinus. Clin Exp Allergy 2001;31:279—-94.

12. Tai HY, Tam MF, Chou H, Peng HJ, Su SN, Perng DW, et al. Pen ch 13 allergen
induces secretion of mediators and degradation of occludin protein of human
lung epithelial cells. Allergy 2006;61:382—8.

13. Runswick S, Mitchell T, Davies P, Robinson C, Garrod DR. Pollen proteolytic
enzymes degrade tight junctions. Respirology 2007;12:834—42.

14. Kumamoto J, Tsutsumi M, Goto M, Nagayama M, Denda M. Japanese cedar
(Cryptomeria japonica) pollen allergen induces elevation of intracellular cal-
cium in human keratinocytes and impairs epidermal barrier function of human
skin ex vivo. Arch Dermatol Res 2016;308:49—54.

15. Boucher RC, Johnson J, Inoue S, Hulbert W, Hogg JC. The effect of cigarette
smoke on the permeability of Guinea pig airways. Lab Invest 1980;43:94—100.

16. Olivera DS, Boggs SE, Beenhouwer C, Aden J, Knall C. Cellular mechanisms of
mainstream cigarette smoke-induced lung epithelial tight junction perme-
ability changes in vitro. Inhal Toxicol 2007;19:13—22.

17. Van Driessche W, Kreindler JL, Malik AB, Margulies S, Lewis SA, Kim K]. In-
terrelations/cross talk between transcellular transport function and para-
cellular tight junctional properties in lung epithelial and endothelial barriers.
Am ] Physiol Lung Cell Mol Physiol 2007;293:L520—4.

18. Petecchia L, Sabatini F, Varesio L, Camoirano A, Usai C, Pezzolo A, et al. Bron-
chial airway epithelial cell damage following exposure to cigarette smoke in-
cludes disassembly of tight junction components mediated by the extracellular
signal-regulated kinase 1/2 pathway. Chest 2009;135:1502—12.

19. Masaki T, Kojima T, Okabayashi T, Ogasawara N, Ohkuni T, Obata K, et al.
A nuclear factor-kB signaling pathway via protein kinase C 3 regulates repli-
cation of respiratory syncytial virus in polarized normal human nasal epithelial
cells. Mol Biol Cell 2011;22:2144—56.

20. Sajjan U, Wang Q, Zhao Y, Gruenert DC, Hershenson MB. Rhinovirus disrupts
the barrier function of polarized airway epithelial cells. Am J Respir Crit Care
Med 2008;178:1271—-81.

21. Holgate ST, Roberts G, Arshad HS, Howarth PH, Davies DE. The role of the
airway epithelium and its interaction with environmental factors in asthma
pathogenesis. Proc Am Thorac Soc 2009;6:655—9.

22. Comstock AT, Ganesan S, Chattoraj A, Faris AN, Margolis BL, Hershenson MB,
et al. Rhinovirus-induced barrier dysfunction in polarized airway epithelial
cells is mediated by NADPH oxidase 1. J Virol 2011;85:6795—808.

23. Faris AN, Ganesan S, Chattoraj A, Chattoraj SS, Comstock AT, Unger BL, et al.
Rhinovirus delays cell repolarization in a model of injured/regenerating human
airway epithelium. Am J Respir Cell Mol Biol 2016;55:487—99.

24. Looi K, Troy NM, Garratt LW, losifidis T, Bosco A, Buckley AG, et al. Effect
of human rhinovirus infection on airway epithelium tight junction protein
disassembly and transepithelial permeability. Exp Lung Res 2016;42:
380—-95.

25. Coyne CB, Vanhook MK, Gambling TM, Carson ]JL, Boucher RC, Johnson LG.
Regulation of airway tight junctions by proinflammatory cytokines. Mol Biol
Cell 2002;13:3218—34.


http://refhub.elsevier.com/S1323-8930(17)30134-X/sref1
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref1
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref1
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref2
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref2
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref2
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref3
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref3
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref3
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref4
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref4
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref4
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref5
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref5
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref5
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref5
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref6
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref6
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref6
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref7
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref7
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref7
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref8
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref8
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref8
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref8
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref9
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref9
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref9
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref9
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref10
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref10
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref10
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref11
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref11
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref11
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref11
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref11
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref12
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref12
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref12
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref12
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref13
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref13
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref13
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref14
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref14
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref14
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref14
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref14
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref15
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref15
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref15
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref16
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref16
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref16
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref16
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref17
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref17
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref17
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref17
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref17
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref18
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref18
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref18
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref18
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref18
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref19
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref19
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref19
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref19
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref19
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref20
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref20
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref20
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref20
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref21
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref21
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref21
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref21
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref22
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref22
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref22
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref22
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref23
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref23
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref23
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref23
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref24
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref24
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref24
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref24
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref24
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref25
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref25
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref25
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref25

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

45.

46.

47.

48.

49.

50.

Y. Gon, S. Hashimoto / Allergology International 67 (2018) 12—17 17

Petecchia L, Sabatini F, Usai C, Caci E, Varesio L, Rossi GA. Cytokines induce tight
junction disassembly in airway cells via an EGFR-dependent MAPK/ERK1/2-
pathway. Lab Invest 2012;92:1140-8.

Hardyman MA, Wilkinson E, Martin E, Jayasekera NP, Blume C, Swindle EJ, et al.
TNF-¢-mediated bronchial barrier disruption and regulation by src-family ki-
nase activation. J Allergy Clin Immunol 2013;132:665—75.

Saatian B, Rezaee F, Desando S, Emo ], Chapman T, Knowlden S, et al. Inter-
leukin-4 and interleukin-13 cause barrier dysfunction in human airway
epithelial cells. Tissue Barriers 2013;1:e24333.

Ahdieh M, Vandenbos T, Youakim A. Lung epithelial barrier function and
wound healing are decreased by IL-4 and IL-13 and enhanced by IFN-gamma.
Am ] Physiol Cell Physiol 2001;281:C2029—38.

Sweerus K, Lachowicz-Scroggins M, Gordon E, LaFemina M, Huang X, Parikh M,
et al. Claudin-18 deficiency is associated with airway epithelial barrier
dysfunction and asthma. J Allergy Clin Immunol 2017;139:72—81.

Xiao C, Puddicombe SM, Field S, Haywood ], Broughton-Head V, Puxeddu I,
et al. Defective epithelial barrier function in asthma. J Allergy Clin Immunol
2011;128:549—-56.e1-12.

Kicic A, Sutanto EN, Stevens PT, Knight DA, Stick SM. Intrinsic biochemical and
functional differences in bronchial epithelial cells of children with asthma. Am J
Respir Crit Care Med 2006;174:1110—8.

Davies DE, Polosa R, Puddicombe SM, Richter A, Holgate ST. The epidermal
growth factor receptor and its ligand family: their potential role in repair and
remodelling in asthma. Allergy 1999;54:771—83.

Puddicombe SM, Polosa R, Richter A, Krishna MT, Howarth PH, Holgate ST, et al.
Involvement of the epidermal growth factor receptor in epithelial repair in
asthma. FASEB ] 2000;14:1362—74.

Polosa R, Puddicombe SM, Krishna MT, Tuck AB, Howarth PH, Holgate ST, et al.
Expression of c-erbB receptors and ligands in the bronchial epithelium of
asthmatic subjects. J Allergy Clin Immunol 2002;109:75—81.

Terakado M, Gon Y, Sekiyama A, Takeshita I, Kozu Y, Matsumoto K, et al. The
Rac1/JNK pathway is critical for EGFR-dependent barrier formation in human
airway epithelial cells. Am J Physiol Lung Cell Mol Physiol 2011;300:L56—63.
Heijink IH, van Oosterhout A, Kapus A. Epidermal growth factor receptor sig-
nalling contributes to house dust mite-induced epithelial barrier dysfunction.
Eur Respir ] 2010;36:1016—26.

Gon Y, Matsumoto K, Terakado M, Sekiyama A, Maruoka S, Takeshita I, et al.
Heregulin activation of ErbB2/ErbB3 signaling potentiates the integrity of
airway epithelial barrier. Exp Cell Res 2011;317:1947—53.

Brune K, Frank ], Schwingshackl A, Finigan ], Sidhaye VK. Pulmonary epithelial
barrier function: some new players and mechanisms. Am J Physiol Lung Cell Mol
Physiol 2015;308:L731—45.

Barlow JL, McKenzie AN. Type-2 innate lymphoid cells in human allergic dis-
ease. Curr Opin Allergy Clin Immunol 2014;14:397—403.

Licona-Limén P, Kim LK, Palm NW, Flavell RA. TH2, allergy and group 2 innate
lymphoid cells. Nat Immunol 2013;14:536—42.

Kabata H, Moro K, Koyasu S, Fukunaga K, Asano K, Betsuyaku T. Mechanisms to
suppress ILC2-induced airway inflammation. Ann Am Thorac Soc 2016;13:595.
Gold M], Antignano F, Halim TY, Hirota JA, Blanchet MR, Zaph C, et al. Group 2
innate lymphoid cells facilitate sensitization to local, but not systemic, TH2-
inducing allergen exposures. J Allergy Clin Immunol 2014;133:1142-8.

. Halim TY, Steer CA, Matha L, Gold MJ, Martinez-Gonzalez I, McNagny KM, et al.

Group 2 innate lymphoid cells are critical for the initiation of adaptive T helper
2 cell-mediated allergic lung inflammation. Immunity 2014;40:425—35.

Ohno T, Morita H, Arae K, Matsumoto K, Nakae S. Interleukin-33 in allergy.
Allergy 2012;67:1203—14.

Préfontaine D, Nadigel ], Chouiali F, Audusseau S, Semlali A, Chakir J, et al.
Increased IL-33 expression by epithelial cells in bronchial asthma. J Allergy Clin
Immunol 2010;125:752—4.

Gordon ED, Simpson LJ, Rios CL, Ringel L, Lachowicz-Scroggins ME, Peters MC,
et al. Alternative splicing of interleukin-33 and type 2 inflammation in asthma.
Proc Natl Acad Sci U S A 2016;113:8765—70.

Lee HC, Headley MB, Loo YM, Berlin A, Gale Jr M, Debley ]S, et al. Thymic
stromal lymphopoietin is induced by respiratory syncytial virus-infected
airway epithelial cells and promotes a type 2 response to infection. J Allergy
Clin Immunol 2012;130:1187—-96.

Kato A, Favoreto Jr S, Avila PC, Schleimer RP. TLR3- and Th2 cytokine-
dependent production of thymic stromal lymphopoietin in human airway
epithelial cells. ] Immunol 2007;179:1080—7.

Rezaee F, Meednu N, Emo JA, Saatian B, Chapman TJ, Naydenov NG, et al.
Polyinosinic:polycytidylic acid induces protein kinase D-dependent disas-
sembly of apical junctions and barrier dysfunction in airway epithelial cells.
J Allergy Clin Immunol 2011;128:1216—24.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Gon Y, Maruoka S, Kishi H, Kozu Y, Kuroda K, Mizumura K, et al. DsRNA dis-
rupts airway epithelial barrier integrity through down-regulation of claudin
members. Allergol Int 2016;65:556—8.

Gon Y, Shikano S, Maruoka S, Mizumura K, Kozu Y, Kuroda K, et al. CpG oli-
godeoxynucleotides enhance airway epithelial barrier integrity. Allergol Int
2017;66:547—9.

Kubo T, Wawrzyniak P, Morita H, Sugita K, Wanke K, Kast ]JI, et al. CpG-DNA
enhances the tight junction integrity of the bronchial epithelial cell barrier.
J Allergy Clin Immunol 2015;136:1413—6.e1-8.

Dong H, Hu Y, Liu L, Zou M, Huang C, Luo L, et al. Distinct roles of short and long
thymic stromal lymphopoietin isoforms in house dust mite-induced asthmatic
airway epithelial barrier disruption. Sci Rep 2016;6:39559.

Sugita K, Steer CA, Martinez-Gonzalez I, Altunbulakli C, Morita H, Castro-
Giner F, et al. Type 2 innate lymphoid cells disrupt bronchial epithelial barrier
integrity by targeting tight junctions through IL-13 in asthmatic patients.
J Allergy Clin Immunol 2017. http://dx.doi.org/10.1016/j.jaci.2017.02.038.
Portelli MA, Hodge E, Sayers I. Genetic risk factors for the development of
allergic disease identified by genome-wide association. Clin Exp Allergy
2015;45:21-31.

Giridhar PV, Bell SM, Sridharan A, Rajavelu P, Kitzmiller JA, Na CL, et al. Airway
epithelial KIF3A regulates Th2 responses to aeroallergens. | Immunol 2016;197:
4228-39.

Hirokawa N, Takemura R. Kinesin superfamily proteins and their various
functions and dynamics. Exp Cell Res 2004;301:50—9.

Kovacs JJ, Whalen EJ, Liu R, Xiao K, Kim ], Chen M, et al. Beta-arrestin-mediated
localization of smoothened to the primary cilium. Science 2008;320:1777—81.
Luo W, Obeidat M, Di Narzo AF, Chen R, Sin DD, Pare PD, et al. Airway epithelial
expression quantitative trait loci reveal genes underlying asthma and other
airway diseases. Am J Respir Cell Mol Biol 2016;54:177—87.

Bonnelykke K, Sleiman P, Nielsen K, Kreiner-Moller E, Mercader JM, Belgrave D,
et al. A genome-wide association study identifies CDHR3 as a susceptibility
locus for early childhood asthma with severe exacerbations. Nat Genet
2014;46:51-5.

Bai J, Smock SL, Jackson Jr GR, Maclsaac KD, Huang Y, Mankus C, et al.
Phenotypic responses of differentiated asthmatic human airway epithelial
cultures to rhinovirus. PLoS One 2015;10:e0118286.

Koppelman GH, Meyers DA, Howard TD, Zheng SL, Hawkins GA, Ampleford EJ,
et al. Identification of PCDH1 as a novel susceptibility gene for bronchial
hyperresponsiveness. Am J Respir Crit Care Med 2009;180:929—35.

Koning H, Sayers I, Stewart CE, de Jong D, Ten Hacken NH, Postma DS, et al.
Characterization of protocadherin-1 expression in primary bronchial epithe-
lial cells: association with epithelial cell differentiation. FASEB | 2012;26:
439-48.

Kozu Y, Gon Y, Maruoka S, Kazumichi K, Sekiyama A, Kishi H, et al. Proto-
cadherin-1 is a glucocorticoid-responsive critical regulator of airway epithelial
barrier function. BMC Pulm Med 2015;15:80.

Sekiyama A, Gon Y, Terakado M, Takeshita I, Kozu Y, Maruoka S, et al. Gluco-
corticoids enhance airway epithelial barrier integrity. Int Immunopharmacol
2012;12:350-7.

Kielgast F, Schmidt H, Braubach P, Winkelmann VE, Thompson KE, Frick M,
et al. Glucocorticoids regulate tight junction permeability of lung epithelia by
modulating claudin 8. Am J Respir Cell Mol Biol 2016;54:707—17.

Heijink IH, Jonker MR, de Vries M, van Oosterhout AJ, Telenga E, Ten
Hacken NH, et al. Budesonide and fluticasone propionate differentially affect
the airway epithelial barrier. Respir Res 2016;17:2.

Steelant B, Farré R, Wawrzyniak P, Belmans ], Dekimpe E, Vanheel H, et al.
Impaired barrier function in patients with house dust mite-induced allergic
rhinitis is accompanied by decreased occludin and zonula occludens-1
expression. J Allergy Clin Immunol 2016;137:1043—53.e1-5.

Cho HY, Kleeberger SR. Nrf2 protects against airway disorders. Toxicol Appl
Pharmacol 2010;244:43—56.

Ahmed SM, Luo L, Namani A, Wang X], Tang X. Nrf2 signaling pathway: pivotal
roles in inflammation. Biochim Biophys Acta 2017;1863:585—97.

Shintani Y, Maruoka S, Gon Y, Koyama D, Yoshida A, Kozu Y, et al. Nuclear
factor erythroid 2-related factor 2 (Nrf2) regulates airway epithelial barrier
integrity. Allergol Int 2015;64:554—63.

Sussan TE, Gajghate S, Chatterjee S, Mandke P, McCormick S, Sudini K, et al.
Nrf2 reduces allergic asthma in mice through enhanced airway epithelial
cytoprotective function. Am J Physiol Lung Cell Mol Physiol 2015;309:L27—36.
Yang L, Na CL, Luo S, Wu D, Hogan S, Huang T, et al. The phosphatidylcholine
transfer protein stard7 is required for mitochondrial and epithelial cell ho-
meostasis. Sci Rep 2017;7:46416.


http://refhub.elsevier.com/S1323-8930(17)30134-X/sref26
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref26
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref26
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref26
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref27
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref27
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref27
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref27
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref28
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref28
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref28
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref29
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref29
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref29
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref29
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref30
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref30
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref30
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref30
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref31
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref31
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref31
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref31
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref32
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref32
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref32
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref32
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref33
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref33
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref33
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref33
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref34
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref34
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref34
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref34
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref35
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref35
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref35
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref35
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref36
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref36
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref36
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref36
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref37
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref37
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref37
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref37
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref38
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref38
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref38
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref38
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref39
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref39
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref39
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref39
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref40
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref40
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref40
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref41
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref41
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref41
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref41
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref42
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref42
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref43
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref43
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref43
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref43
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref44
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref44
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref44
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref44
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref45
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref45
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref45
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref46
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref46
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref46
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref46
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref46
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref47
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref47
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref47
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref47
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref48
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref48
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref48
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref48
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref48
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref49
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref49
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref49
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref49
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref50
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref50
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref50
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref50
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref50
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref51
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref51
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref51
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref51
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref52
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref52
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref52
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref52
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref53
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref53
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref53
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref53
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref54
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref54
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref54
http://dx.doi.org/10.1016/j.jaci.2017.02.038
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref56
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref56
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref56
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref56
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref57
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref57
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref57
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref57
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref58
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref58
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref58
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref59
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref59
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref59
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref60
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref60
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref60
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref60
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref61
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref61
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref61
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref61
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref61
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref62
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref62
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref62
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref63
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref63
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref63
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref63
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref64
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref64
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref64
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref64
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref64
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref65
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref65
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref65
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref66
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref66
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref66
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref66
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref67
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref67
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref67
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref67
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref68
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref68
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref68
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref69
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref69
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref69
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref69
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref69
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref69
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref70
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref70
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref70
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref71
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref71
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref71
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref72
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref72
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref72
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref72
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref73
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref73
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref73
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref73
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref74
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref74
http://refhub.elsevier.com/S1323-8930(17)30134-X/sref74

	Role of airway epithelial barrier dysfunction in pathogenesis of asthma
	Introduction
	Disruption of the epithelial barrier owing to airway inflammation
	Disruption of the latent airway epithelial barrier in patients with asthma
	Association between the activation of the airway epithelium and barrier disruption
	Association between asthma-related genes and epithelial barrier functions
	Glucocorticoids regulates epithelium barrier function
	Conclusions
	Conflict of interest

	References


